Background: Photodynamic therapy (PDT)-mediated vaccination has shown poor clinical outcomes in tumor treatment. Results: Tumor cells that escaped from PDT-mediated vaccination exhibited enhanced stem-like phenotypes and undermined immunogenicity, which were prevented by interfering TSP-1/CD47/SIRP-␣ signal axis. Conclusion: TSP-1/CD47/SIRP-␣ signal axis is associated with the malignant evolution of tumor cells upon tumor vaccination. Significance: This study provides new evidence for improving the clinical outcome of immunotherapy.
In the past decades cancer immunotherapy has exhibited potent antitumor efficacy in preclinical experiments (1) . Photodynamic therapy (PDT) 3 is reported to be an effective antitumor vaccination strategy for cancer immunotherapy (2, 3) . By inducing tumor cells to undergo immunogenic apoptosis (marked with cell surface exposure of damage-associated molecular patterns (4) , PDT promotes the phagocytosis of tumor cells by dendritic cells (DCs) (5) and thus elicits tumorspecific T cell-mediated immune responses (6, 7) . With the emergence of new strategies like PDT, cancer immunotherapy shows a promising development prospect. However, in clinical trials, the expected positive outcomes including tumor shrinkage and improved long term survival were not observed in treated patients (8 -10) .
The poor clinical outcome of tumor vaccinations has urged researchers to further investigate the mechanisms that are responsible for the failure (11, 12) . One of the mechanisms proposed is cancer immuno-editing theory, in which the immune system is thought to not only protect the host against tumor formation but also to be involved in shaping tumor immunogenicity (13) .
CD47 is an integrin-associated receptor protein expressed at high levels on the surface of various cancer cells. There are two important counter-receptors for CD47: thrombospondin-1 (TSP-1) and signal regulatory protein-␣ (SIRP-␣) (14) . Recent studies have shown that the TSP-1/CD47/SIRP-␣ signal axis mediates various cellular functions, which links with their diverse cellular distribution (15) (16) (17) . In general, CD47 expressed on tumor cells is thought to inhibit the phagocytosis by signaling through SIRP-␣ present on macrophages and dendritic cells. It is also associated with T cell activation and induction of antigen-specific CTL responses by DCs (16, 18, 19) . Moreover, ligation of CD47 by TSP-1 plays a complicated and intricate role in anti-tumor effect and immune regulation (20 -22) . Studies of this signal axis to date have provided new insights into the cross-talk between tumor cells and the immune system.
In this study we reported that tumor cells adapted themselves to the immune pressure exerted by vaccination. During the process, tumor cells gained enhanced tumorigenic and stem-like phenotypes as well as undermined immunogenicity, thus becoming impervious to immune surveillance and elimination. Thrombospondin-1 signaling via CD47 helped prevent tumor cells from becoming stem-like and regain their sensitivity to immune attack. Our study clarifies the significance of the TSP-1/CD47/SIRP-␣ signal axis in cancer immunotherapy and identifies thrombospondin-1 as a key signal with therapeutic benefits in overcoming long term relapse, providing new evidence for the clinical promise of cancer vaccination.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Antibodies against c-Myc and Sox2 were purchased from Epitomics Inc. Anti-Klf4, anti-Oct4 antibodies, and secondary antibodies conjugated with FITC and HRP were purchased from ProteinTech Group, Inc. (Atlanta, GA). ␤-Actin, TSP-1, and SIRP-␣ antibodies were purchased from Santa Cruz Biotechnology. FITC-conjugated antibodies CD8, CD47, CD44, CD34, and CD133 and phosphatidylethanolamine-conjugated antibodies IFN-␥ and appropriate isotype control antibodies were all purchased from eBioscience, Inc. Anti-cleaved caspase3 antibody was obtained from Cell Signaling Technology, Inc. (Danvers, MA). Mouse and human TSP-1, mouse recombinant basic fibroblast growth factor, and epidermal growth factor were all from R&D systems Inc. (Minneapolis, MN).
Mice-6 -8-Week male BALB/c nude mice and C57BL/6 mice were purchased from the Shanghai Laboratory Animal Resource Center (Shanghai, China) and maintained in a pathogen-free temperature-and humidity-controlled environment. Food and water were available ad libitum. Mice were euthanized to harvest tumors or to end in vivo experiments at the indicated time points. All animal experiments were carried out according to the guidelines for animal care of Ministry of Science and Technology of the People's Republic of China. Ethical approval was given by the Administrative Panel on Laboratory Animal Care of the Shanghai Xinhua Hospital.
Cell Culture-Lewis lung carcinoma (LLC) cells, HCT116, A549, and HeLa cells were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). Among them, HCT116, A549, and HeLa cells were cultured in RPMI1640, whereas LLC and the immune selected cell lines were cultured in DMEM. The culture media were supplemented with 10% heat-inactivated fetal bovine serum (Gibco), penicillin (100 units/ml), and streptomycin (100 units/ml) (Invitrogen). All the cells were incubated at 37°C in a 5% CO 2 atmosphere.
PDT Treatment, Generation of Tumor-loaded DCs, and Mice Immunization-LLC cells were treated with 0.25 mM hypericin and incubated for 16 h in the dark. Cells were irradiated with a 100-watt quartz-halogen lamp at the light dose of 1.85J/cm 2 . Cells were harvested 4 h post-PDT and used for co-cultured experiments. Bone marrow-derived DCs were generated from C57BL/6 mice as described previously (7) . Immature DCs (imDCs) on day6 were fed with hypericin PDT-treated LLC cells at a ratio of 5:1 (imDC:LLC) for 24 h, thus forming tumorloaded DCs. Tumor-loaded DC cells (1 ϫ 10 6 ) in 200 l of PBS were injected subcutaneously into the left flank of 6-week-old male C57BL/6 mice. Immunization was performed twice a week.
In Vivo Immune Selection-Six-week-old male C57BL/6 mice were purchased from the Shanghai Laboratory Animal Resource Center (Shanghai, China) and maintained in pathogen-free conditions. LLC cells (1 ϫ 10 6 in 200 l of PBS) were injected subcutaneously into the left flank of C57BL/6 mice. Subsequent tumors formed were designated as T 0 . Furthermore, new mice were immunized and re-challenged with 5 ϫ 10 5 T 0 cells from the previous generation mice 7 days after the second immunization (6) . The escape variant tumors were designated as T 1 and were explanted into a new group of immunized mice. The resulting tumors were designated as T 2 . By repeated injections with tumor cells from the last generation of immunized mice, we performed in vivo immune selection and harvested tumor tissue samples from T 0 to T 3 .
Cytotoxic T Lymphocyte (CTL) Generation-Spleen lymphocytes were harvested from C57BL/6 mice. The spleen lymphocytes were stimulated with PDT-treated LLC-pulsed DCs on day 0 and day 7 in the presence of IL2 (25-50 IU/ml; Peprotech). The ratio of co-culture was 1:20 (DC:T). T represents the spleen lymphocytes we harvested. The suspension cells were collected and used for the subsequent experiments as CTL.
In Vitro Immune Selection-CTLs were generated as described previously (7) . For immune selection, LLC cells were co-cultured with CTLs for 24 h. The cultures were pipetted, and non-adherent cells were removed and discarded. Surviving LLC cells were designated as P 1 cells and were further cultured until the next passage. The procedure was repeated until we harvested P 2 and P 3 cell lines. Normal LLC cells were designated as P 0 .
Immunohistochemistry-Mice bearing tumors were euthanized at the indicated times. T 0 -T 3 tumors and normal lung tissues were fixed with formalin. Paraffin-embedded sections were prepared using standard techniques and stained for stemness factors or TSP-1 expression. Immunostaining was performed as previously described (23) using antibodies against c-Myc, Klf4, Oct4, Sox2, and TSP-1. The 3,3N-diaminobenzidine tetrahydrochloride (DAB) peroxidase substrate kit (Beyotime Biotech, Haimen, China) was used according to the manufacturer's instructions.
Vector Construction, Transient Transfection, and Recombinant TSP-1 Treatment-CD47 short hairpin RNA (shRNA) sequence and a control shRNA were previously described by Vermeer et al. (24) . The oligonucleotide strands were synthesized by Generay Biotech Co., Ltd (Shanghai, China). The oligonucleotide strands were diluted with double distilled H 2 O and annealed into double strands followed by insertion into the pSilencer 2.1-U6 vector (Invitrogen) to form shCD47 expression constructs.
Cells were seeded into 6-well plates at a density of 2 ϫ 10 5 per well and incubated overnight to allow for cell attachment. The shCD47 vector was transfected into cells with Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's protocol. Four hours after transfection, the cell media were removed and discarded, and complete growth media containing 2.2 nM recombinant mouse or human thrombospondin-1 was added. At 48 h post treatment, cells were harvested and used for subsequent experiments.
Flow Cytometric Analysis-For cell surface protein expression analysis, P 0 -P 3 cells were trypsinized. After washing twice in cold PBS, staining for stem cell markers or CD47 was performed as described previously (25) . Samples were then analyzed by FACScan (BD Bioscience) to detect cell surface CD133, CD44, CD34, and CD47. Appropriate isotype antibodies were used as controls. Data were analyzed using Flowjo software and presented as histograms.
For cell cycle analysis, a cell cycle assay kit (Vazyme Biotech, Nanjing, China) based on propidium iodide staining was used according to the manufacturer's instructions. The cell cycle distribution in G 1 , S, M, and G 2 phases was determined for at least 20,000 cells with doublet discrimination. Flowjo software was used to analyze the cell-cycle position.
Western Blot-Cell lysate was extracted and used to perform Western blot as described previously (26) . ␤-actin was used as loading control.
CTL Assay-To determine caspase-3 activation, tumor cells with different treatments were labeled with 10 M carboxyfluorescein succinimidyl amino ester (CFSE), a fluorescent dye for detecting living cells, for 1 h. CFSE-labeled target cells were co-incubated with CTL as effector cells at a ratio of 1:10. After incubation for 24 h at 37°C, the tumor cells were washed and stained with anti-cleaved caspase-3 antibody described previously (27) . Phosphatidylethanolamine-conjugated secondary antibody alone was used as a control. Samples were then analyzed by FACScan (BD Biosciences), and data were analyzed with Flowjo software.
CTL cytotoxicity was also evaluated using the lactate dehydrogenase release assay referred to the previous report (28) .
Evaluation of T Cell Activation-Cells with or without treatment were co-cultured with CTL at a T/tumor cell ratio of 1:10 for 24 h. The IFN-␥-producing CD8ϩ tumor-specific T cell population was evaluated as previously described (7) .
RNA Isolation, Reverse Transcription, and Quantitative Realtime PCR-Total RNA of untreated or treated cells was extracted using TRIzol (Invitrogen). cDNA was synthesized using the genomic DNA removal and cDNA synthesis kit (TransGen, Beijing, China). Real-time PCR was performed using SYBR1 Premix Ex TaqTM II (Takara Bio Inc, Dalian, China) to detect the mRNA level of stemness factors. Primers were reported previously (29) . All samples were normalized to GAPDH level, and -fold change was calculated using the comparative cycle threshold (CT) method (2 Ϫ⌬⌬Ct ) (30) .
Cell Proliferation Assay-Cells were plated in 96-well plates with 1 ϫ 10 3 cells/well and incubated for 4 h in regular growth medium to allow for cell attachment. Samples were either transfected with shCD47 or treated with 2.2 nM TSP-1 for 24 h. After transfection or TSP-1 treatment, the cells were cultured for 1, 2, 3, 4, and 5 days. Proliferation of cancer cells was measured using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay (31) .
Tumor Sphere-forming Assay-Cells were trypsinized and resuspended with serum-free DMEM/F-12. Cells were then plated at a density of 2 ϫ 10 3 cells per well in 96-well super-low adherence vessels. The serum-free DMEM/F-12 was supplemented with epidermal growth factor (20 ng/ml), basic fibroblast growth factor (20 ng/ml), and 2% B27 (Gibco). Culture medium was replaced every 3 days (32) . Colonies were examined under a microscope, and those larger than 75 m in diameter were counted as a sphere-forming unit.
Tumorigenicity Assay-P 0 , P 1 , P 2 , and P 3 cells were trypsinized and resuspended with DMEM culture medium. BALB/c nude mice were injected subcutaneously with 2 ϫ 10 3 and 2 ϫ 10 4 cells, respectively. Tumor formation was monitored until 18 days post injection.
Immunofluorescence-Surface immunofluorescence was performed to detect the CD47 expression of P 0 and P 3 cells, as described previously (33) . Fluorescence was observed with a Nikon A1R laser scanning confocal microscope (Nikon, Tokyo, Japan).
Co-immunoprecipitation-Immature DCs were generated from C57BL/6 mouse bone marrow progenitor cells as described previously.
Tumor cells of different groups were transfected with shCD47 or treated with 2.2 nM TSP-1. At 48 h after treatment, cells were co-cultured with immune DCs at a ratio of 1:5 for 24 h. The co-culture cell lysates were then prepared and precipitated with an anti-TSP-1 or a CD47 antibody. Protein AϩGagarose (Beyotime Biotech) was used to perform co-immunoprecipitation assays according to the manufacturer's instructions. Finally, we determined the CD47 or TSP-1 protein level by Western blot.
Statistical Analysis-All experiments were repeated more than five times, and the results are presented as the mean of those independent experiments. Two-tailed Student's t tests were used to assess differences between the treated and control groups. Statistical analysis was performed by GraphPad prism5 software to evaluate the significance of the difference between groups, shown as p Ͻ 0.05 (* ), p Ͻ 0.01 (**), p Ͻ 0.001 (*** ) (26) .
RESULTS

In Vivo Immune Selection Promotes the Tumor Growth and Tumorigenicity as Well as the Expression of Cancer Stemness
Factors-Previous studies have demonstrated that tumor cells subjected to photodynamic therapy can cause phenotypic maturation of homologous dendritic cells, further inducing potent tumor-specific immune response characterized by activation of CTLs and suppression of the Treg population (5, 34) . As a result, tumor cells that were subsequently added to the culture system were vulnerable to cytotoxic immune cells in both coculture experiments in vitro and tumor re-challenge experiments in vivo (6, 7) . Our previous experiments also prove that hypericin-mediated PDT can act in a similar way against LLC cells both in vitro and in C57BL/6 mice(data not shown). 4 In the current study we repeated the process of vaccination and tumor re-challenge, which we termed immune selection. Our results show that after three rounds of immune selection (T 3 ), palpable masses were seen in all of the immunized mice within 7 days, whereas the initial generation of tumors (T 0 ) were generated in one of seven immunized mice in the first week ( Fig. 1A) . In addition to stronger tumorigenicity, tumors that had undergone immune selection also exhibited a faster growth rate (Fig. 1B ). It suggests that tumor cells gain resistance to the vaccine-induced tumor response during immune selection. c-Myc, Oct4, Klf4, and Sox2 are four well validated transcription factors for characterization of cancer stem cells (35, 36) . Thus, they are also known as stemness factors. In Fig. 1C , enhanced expression of the four cancer stemness factors was observed in T 3 tumor tissue compared with T 0 tumor tissue. These changes were not observed in tumor cells that underwent normal passage in vivo (data not shown).
The Impact of in Vitro Immune Selection on Cell Proliferation and Stem-like Properties-We performed in vitro immune selection, as described previously. In in vivo experiments, we found that cells that had survived immune selection formed escape variant tumors with a faster growth rate and enhanced tumorigenicity. We thus evaluated the proliferative capacity, cell cycle distribution, and expression of cell cycle-associated proteins of in vitro immune-selected cells in each generation. The results of MTT assay showed that ( Fig. 2A) both P 2 and P 3 cells had a faster growth rate compared with original LLC cells (P 0 ). The P 3 cells in particular showed a significant increase in the number of cells in the S-phase and a decrease in the number of cells in the G 0 /G 1 phase (Fig. 2B) . Correspondingly, cyclindependent kinase inhibitor p21 was efficiently reduced in P 2 and P 3 cells, whereas the expression of cyclin A increased (Fig. 2C) .
Furthermore, to evaluate the change of stem-like properties of cells from P 0 to P 3 , we analyzed cancer stem cell makers and sphere-forming capacity as well as the expression of stemness factors at both the protein and mRNA level. Cell surface molecules including CD44, CD133, and CD34 are frequently used for identification and isolation of cancer stem cells in lung cancer (32, 37-39). Up-regulation of these three markers was observed when immune selection was carried out to the second generation (P 2 ). This up-regulation was more significant in P 3 cells (Fig. 2D ). Besides, our data showed that P 3 cells were able to generate more tumor spheres than P 0 ( Fig. 2E ). Spheres formed from P 0 and P 3 could be serially passaged to form the next spheres (data not shown). We also observed increased expression at both the mRNA and protein levels of cancer stemness factors including c-Myc, Klf4, Oct4, and Sox2 (Fig. 2, F and  G) . Taken together, these results indicate that immune selection in vitro can increase the growth rate and stem-like phenotypes.
Analysis of Immunogenicity and Tumorigenicity of Immuneselected Cells-To explore the impact of immune selection on the interaction between tumor cells and the tumor microenvironment, we first evaluated the ability of P 0 -P 3 cells to activate tumor-specific T-cell responses. As shown in Fig. 3A , co-incubation of T cells with P 3 cells resulted in weaker activation of IFN-␥-secreting CD8ϩ T cells than with P 0 , which suggests that vaccination selection confers tumor cells with resistance to adaptive immunity.
Besides, we evaluated CTL-mediated apoptosis by determining the frequency of cells positive for cleaved caspase-3 staining. A larger degree of apoptosis was seen in CTL-treated P 0 cells relative to CTL-treated P 3 cells (Fig. 3B ). This result suggests that cells gradually gain a stronger capacity to escape CTL cytotoxicity upon immune selection. We also carried out CTL experiments based on lactate dehydrogenase release. As revealed in Fig. 3C , CTLs killed less P 3 cells (p Ͻ 0.01 at the effector: target ratio of 1:40) than P 0 cells. Approximately 2 ϫ 10 3 -2 ϫ 10 4 P 0 or P 3 cells were injected subcutaneously into the left flank of BALB/c nude mice, and tumor formation was monitored. The results in Fig. 3 , D and E, show that only 1 of 7 mice challenged with 2 ϫ 10 3 P 0 cells made it to generate tumors, whereas ϳ40% of mice challenged with 2 ϫ 10 3 P 3 cells generated tumors. All of the mice challenged with 2 ϫ 10 4 P 3 cells generated tumors. Tumor formation can be seen in nearly 30% of the mice challenged with 2 ϫ 10 4 P 0 cells. Tumors in P 3 -challenged mice were nearly twice the size of those in P 0 -challenged mice. These data indicate that there is substantial enhancement of tumorigenicity in P 3 relative to P 0 cells.
The Role of CD47/TSP-1/SIRP-␣ Axis and Its Relationship with Tumors and the Microenvironment-Flow cytometry was utilized to determine CD47 expression on tumor cells. Results
showed that there was prominent surface expression of CD47 on P 0 cells, and the CD47-associated fluorescence had a significant increase (about four times) as the immune selection drove cells to becoming P 3 cells (Fig. 4A) . Simultaneously, the results of immunofluorescence staining showed that compared with P 0 cells, almost all of the P 3 cells exhibited enhanced surface fluorescence of CD47 (Fig. 4B ).
TSP-1 expression in normal lung tissues and LLC tumors from C57BL/6 mice was assessed by immunohistochemistry. TSP-1 expression was high in normal lung tissue but almost absent in lung adenocarcinomas (Fig. 4C) and immune-selected cell lines (data not shown).
PDT-mediated Vaccination Drives Malignant Sculpture
LLC cells pretreated with 2.2 nM TSP-1 were co-cultured with immature DCs. The co-cultured cell lysates were then prepared and used for co-immunoprecipitation. Data in Fig. 4D showed that SIRP-␣ was co-precipitated with a CD47 monoclonal antibody. Conversely, CD47 was co-precipitated by a SIRP-␣ monoclonal antibody. An isotype-matched control IgG antibody did not co-precipitate either SIRP-␣ or TSP1. Importantly, we also found that TSP-1 pretreatment significantly inhibited co-immunoprecipitation between SIRP-␣ and CD47, whereas co-immunoprecipitation using tumor cell lysates that had not been co-cultured did not show similar results (data not shown).
These results suggest that TSP-1 is absent in normal LLC cells. Exogenous treatment of TSP-1 may be able to suppress the CD47-mediated tumor immune escape by disrupting the CD47-SIRP-a interaction. With the increasing surface expres-sion of CD47, this suppression effect may be even more obvious in immune-selected cells.
Cooperation of TSP-1 and CD47 Undermined the Malignancy and Immunogenicity of Immune-selected Cells-To investigate whether the CD47/TSP-1 signal has an impact on tumor malignancy and immungenicity, we treated P 0 and P 3 cells with shCD47 vector or recombinant TSP-1. Then we characterized their growth rate, stem-like properties, and immuneresistant phenotype. The dose of TSP-1, the amount of transfected plasmid, and the incubation time were all optimized by preliminary experiments (data not shown).
Significantly, incubation of exogenous TSP-1 impaired cell proliferation in P 0 and P 3 cells. TSP-1 incubation also caused decreased cyclin A expression, increased p21 expression, and less cell distribution in S phase and G 2 /M phase in P 3 cells (Fig.  5, A-C) . It suggests changes in cell proliferation can be attributed to a perturbation of the cell cycle. P3 cells, which were pretreated with TSP-1, exhibited declined cancer stem-like with or without TSP-1/CD47 signal interference. C, the impact of the TSP-1/CD47 signal on the cell-cycle distribution of P 0 and P 3 cells. D, the effect of the TSP-1/CD47 signal on the stemness factors expression in immune-selected cancer cells. ␤-Actin was used as a loading control. E, sphere-forming capacity of P 0 or P 3 cells treated with 2.2 nM TSP-1. F, P 0 and P 3 cells pretreated with 2.2 nM TSP-1 were incubated with CTLs for the indicated times. Representative dot plots (left) and a summary (right) of five experiments were shown. The population of IFN-␥-producing CD8ϩ T cells was measured by flow cytometry to detect CTL activation. G, P 0 and P 3 cells pretreated with 2.2 nM TSP-1 or not were co-incubated with tumor-specific CTLs, and the frequency of cleaved caspase-3ϩ cells was measured by flow cytometry. H, a lactate dehydrogenase release assay was also performed to evaluate the cytotoxicity of CTLs against P 0 and P 3 cells with TSP-1 treatment. Data above are the means of five independent experiments Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01, versus untreated; ns, not significant.
properties including down-regulation of stemness factors (Fig.  5D ) and poorer sphere-forming capacity (Fig. 5E ). All of the results mentioned above could be reversed by CD47 knockdown. Interestingly, the same treatment had little effect on P 0 cells, probably due to the relatively low expression of cell surface CD47.
Next we explored the immune-resistant phenotype of P 0 or P 3 cells upon TSP-1 pretreatment. We first determined the frequency of IFN-␥-producing CD8ϩ cells. We found that pretreating tumor cells with TSP-1 resulted in remarkable suppression of IFN-␥-secreting CD8ϩ T cells (Fig. 5F ). Furthermore, tumor cells that were pretreated with TSP-1 became more vulnerable to CTL (Fig. 5G) . Consistent with the results obtained for caspase-3 activation and the lactate dehydrogenase assay, a larger degree of cytotoxicity was seen in TSP-1-pretreated P3 cells mixed with CTLs relative to untreated cells mixed with CTLs ( Fig. 5H ). Transfection of control shRNA vector had little effect on the results (data not shown).
Taken together, these results indicate that by co-operating with CD47, TSP-1 could override the malignancy, stem-like properties, and the immunogenicity brought by immune selection. These effects were much more prominent in P 3 cells than in P 0 cells, probably due to the up-regulation of CD47 in P 3 .
The Therapeutic Effect of TSP-1 Is Also Effective across Different Human Cancer Lines-Having verified the role of the CD47/TSP-1 signal in mouse cancer cell line (LLC), we next profiled CD47 expression across a variety of human cancer cell lines including colon cancer (HCT116), non-small cell lung cancer (A549), and cervical cancer (HeLa). The results of flow cytometry showed that CD47 was present on the cell surface of all the human cancer lines we screened (Fig. 6A) , which suggests TSP-1/CD47 regulation may be effective in these cells. We then assessed the effect of human recombinant TSP-1 on cell proliferation and tumor sphere formation. TSP-1 treatment slowed down the cell growth rate to different extents (Fig. 6B ). Furthermore, cells pretreated with TSP-1 showed diminished sphere-forming capacity (Fig. 6C) . These results demonstrate that TSP-1 is also therapeutically effective on some types of human cancer cell lines.
DISCUSSION
Previous studies have reported DC cells pulsed with PDTtreated tumor cells (PDT-DCs) can induce an anti-tumor immune response in vivo and, most importantly, is a potent vaccination strategy (6, 7, 40) . Splenic lymphocytes isolated from vaccinated mice exhibited significant cytotoxicity against specific tumor cells (41, 42) . According to the cancer immuno- editing theory, in which heterogeneous tumors are attacked by host immune surveillance, most cancer cells will be eliminated in the early stage of vaccination. Rare cells may survive the elimination phase. Their immunogenicity and malignant properties can be sculpted. The cells that survive may then acquire the ability to circumvent immune recognition and/or destruction (13) .
Based on this theory, in the present study we first established a system to select the tumor cells that succeed in escaping from the immune clearance of PDT-mediated vaccination. We termed this system "immune selection." Our data demonstrated that cells that had gone through immune selection exhibited enhanced proliferation and tumorigenicity. In addition, immune-selected cells also exhibited various hallmarks of cancer stem cells such as sphere-forming capacity and the exposure of stem cell markers as well as the expression of stemness factors. Although whether P 3 cells were definitively cancer stem cells was unclear, they showed more pronounced malignant features when compared with the parental cells (P 0 ). On this basis, we conclude that PDT-mediated vaccination has the ability to select for cancer stem cell-like phenotypes.
Furthermore, our data also showed that CD47 expression on the surface of immune-selected cells increased significantly. CD47 is pivotal in the TSP-1/CD47/SIRP-␣ signal axis, which serves as a bridge between tumors and the microenvironment. Therefore, we suspected that the interaction between CD47 and its two ligands, TSP-1 and SIRP-␣, was responsible for the development of malignant and immunogenic properties.
Kaur et al. (43) have proven that in murine endothelial cells, loss of cell surface CD47 elevates the expression of stem cell transcription factors, which resulted in sustained cell proliferation, increased asymmetric division, and enhanced ability to form clusters. Based on this finding, CD47 expression appears to be a disadvantage for cells. For tumor cells, however, the results seem to be a paradox for the high expression of CD47. Our data also suggested that in LLC cells, knockdown of CD47 alone affected neither the expression of stemness factors nor the malignant phenotypes. Kaur et al. (43) attributed the phenomenon to the dysregulation of c-Myc. In our opinions, it is more likely to be due to the absence of TSP-1.
For the past 20 years TSP-1 has been recognized as an endogenous angiogenesis inhibitor (44 -46) . Little attention has been given to the effect of TSP-1 on tumor malignancy and immune response in a cell-extrinsic or -intrinsic manner. In fact, an increasing number of papers have reported the role of TSP-1 in these aspects (20, 47) . As we have shown in the present study, TSP-1 treatment helped tumor cells restore the capacity of CD47 to inhibit the expression of stemness factors. In other words, the cooperation of CD47 and TSP-1 could negatively regulate the stemness factors. Further study is required to clarify if there is a negative feedback between CD47/TSP-1 and stemness factors and also to demonstrate the details of such a mechanism.
From the apparent efficacy, TSP-1 pretreatment can inhibit the malignant sculpture of the immune system on tumor cells. On the one hand, it could undermine a stem-like and highly tumorigenic phenotype in the P 3 cell line. On the other hand, TSP-1 could also enhance the cytotoxity of CTLs against P 3 cells, undermining the immune escape ability of immune-selected cells.
The ability of cells to escape immunosurveillance depends largely on the interaction among CD47, SIRP-␣, and TSP-1. Burger et al. (17) observed that a conformational change in CD47 could switch the molecule from an anti-immunosurveillance signal into an activating one. When CD47 was bound by TSP-1, its conformation was altered, making SIRP-␣ fail to recognize CD47 normally (17) . Isenberg et al. (48) confirmed that TSP-1 could bind to CD47 with a higher affinity than SIRP-␣, so it was able to block the interaction between CD47 and SIRP-␣ . In light of these studies and our own research, we postulated that treatment of tumor cells with TSP-1 competitively blocked the interaction between SIRP-␣ and CD47 by fixing the conformation of CD47, thus interfering with the documented mechanism of immune escape mediated by the CD47/SIRP-␣ signal (19) . Further research will be necessary to give more insights into this interaction.
The hypotheses mentioned above can in turn partly explain the evolutionary process of tumor cells in response to CTLmediated killing. For the intrinsic absence of TSP-1 in tumor cells, the inhibitory effect on stemness factors, which depends on the cooperation of CD47 and TSP-1, did not work. Therefore, despite the increasing cell-surface exposure of CD47, stemness factors including c-Myc, Oct4, Klf4, and Sox2 were up-regulated significantly upon the stimulus of CTL killing. The overexpression of stemness factors was previously reported to be capable of conferring tumor cell-enhanced malignant properties such as proliferation or survival. In addition, the formation of stem-like phenotype may also be attributed to the up-regulation of these stemness factors (49 -52) . Meanwhile, the absence of TSP-1 promoted the interaction of CD47 and SIRP-␣, which interferes with the cross-talk between DC cells and tumor cells and weakens the activation of CTL. As a result, tumor cells exhibited immune-resistant phenotype on the whole.
Of note, even though almost all the P 3 cells exhibited enhanced CD47-associated fluorescence, we cannot conclude that immune selection induces the cells to express more CD47. It is also possible that immune selection selects a subpopulation with high levels of CD47, which enable immune-selected tumor cells to show enhanced malignant characteristics and the ability for immune escape. Additional studies are needed to clarify these points.
In our experiments recombinant mouse TSP-1 protein was used to act directly on the tumor cells. However, the same experimental method is very difficult to implement in vivo. Direct injection of TSP-1 in any manner may also have an impact on the other cells in the tumor microenvironment, which may make the results quite different from the data in vitro. Therefore, for successful in vivo experiments, we plan to conduct stable cell lines that overexpress the TSP-1 protein, thus investigating if the results are consistent with those in the present study. By conducting a stable cell line, we will also continue to explore the interference effects of TSP-1 in vivo.
In summary, our study showed there was an emergence of a stem-like and immune-resistant phenotype in tumor cells in response to PDT-mediated tumor vaccination. Furthermore,
